The Musca domestica salivary gland hypertrophy virus (MdSGHV) is a large dsDNA virus that infects and sterilizes adult houseflies. The transcriptome of this newly described virus was analysed by rapid amplification of cDNA 39-ends (39-RACE) and RT-PCR. Direct sequencing of 39-RACE products revealed 78 poly(A) transcripts containing 95 of the 108 putative ORFs. An additional six ORFs not amplified by 39-RACE were detected by RT-PCR. Only seven of the 108 putative ORFs were not amplified by either 39-RACE or RT-PCR. A series of 59-RACE reactions were conducted on selected ORFs that were identified by 39-RACE to be transcribed in tandem (tandem transcripts). In the majority of cases, the downstream ORFs were detected as single transcripts as well as components of the tandem transcripts, whereas the upstream ORFs were found only in tandem transcripts. The only exception was the upstream ORF MdSGHV084, which was differentially transcribed as a single transcript at 1 and 2 days post-infection (days p.i.) and as a tandem transcript (MdSGHV084/085) at 2 days p.i. Transcriptome analysis of MdSGHV detected splicing in the 39 untranslated region (39-UTR) and extensive heterogeneity in the polyadenylation signals and cleavage sites. In addition, 23 overlapping antisense transcripts were found. In conclusion, sequencing the 39-RACE products without cloning served as an alternative approach to detect both 39-UTRs and transcript variants of this large DNA virus.
INTRODUCTION
Salivary gland hypertrophy viruses (SGHVs) have been detected in several dipterans, including the house fly (Musca domestica), tsetse fly (Glossina spp.), and the narcissus bulb fly (Merodon equestris) (Amargier et al., 1979; Coler et al., 1993; Gouteux, 1987; Jaenson, 1978; Minter-Goedbloed & Minter, 1989; Otieno et al., 1980; Shaw & Moloo, 1993) . Infection by these viruses both induces SGH and reduces reproductive fitness (Lietze et al., 2007; Sang et al., 1998 Sang et al., , 1999 . Currently, our lab is using the M. domestica SGHV (MdSGHV) to study the replicative pathway and mode of action of this unique virus group. Significantly, MdSGHV is capable of pervasive development in adult salivary glands; 100 % of the glands display SGH and release copious levels of infectious virus between 48 and 72 h post-injection (V. U. Lietze & D. G. Boucias, unpublished results) . The synchronized infection displayed by this virus and the access to virus-free house fly colonies provides an inexpensive model to elucidate the in vivo biology of this dsDNA animal virus.
The MdSGHV genome is 124 279 bp long and has a total of 108 putative ORFs (Garcia-Maruniak et al., 2008) . Comparative analysis of the genome sequences has shown that the MdSGHV is closely related to the tsetse fly virus, Glossina pallidipes SGHV (GpSGHV): both SGHVs form a monophyletic clade distinct from other circular dsDNA insect viruses (Garcia-Maruniak et al., 2009) . To date, no transcriptional studies have been published on this group of viruses. Prior to initiating detailed studies on the functional aspects of the MdSGHV transcriptome, it is necessary to determine which of the putative MdSGHV ORFs are transcribed in the infected house fly. Therefore, the major goals of this study were to validate the 108 putative ORFs and to analyse the 39-untranslated regions (39-UTRs) of the MdSGHV transcripts. In other viruses, the 39-UTR influences the translation and stability of mRNA (Barksdale & Baker, 1995; Goraczniak & Gunderson, 2008; Graham, 2008; Schwartz, 2008; van Oers et al., 1999; Weil & Beemon, 2006) . The analysis of the 39-UTRs of the MdSGHV transcripts may serve as a framework to assess complexity of the 39-UTRs of other animal viruses.
METHODS
House fly infection and tissue preparation. House fly pupae were obtained from the insecticide-susceptible 'Orlando Normal' colony maintained at the Center for Medical, Agricultural, and Veterinary Entomology (CMAVE), United States Department of AgricultureAgricultural Research Service (USDA-ARS) in Gainesville, Florida. Pupae were transferred to 72-ounce plastic jars provisioned with deionized water and maintained under constant conditions (26 uC, 12 h light : 12 h dark, 40 % relative humidity). Newly emerged adults received injections of filter-sterilized viraemic salivary gland homogenate, as described by Lietze et al. (2007) . Briefly, one infectedgland-pair equivalent (IGE) was dissected from an infected house fly, homogenized in 0.5 ml sterile saline solution (0.85 % NaCl), filtered through a 0.45 mm filter unit, and stored in aliquots at 235 uC until used for injection. Each fly received 2.5 ml viral inoculum at a final dosage of 2.5610 25 IGE per fly by injection. Flies were maintained under constant conditions and provided with food (a 6 : 6 : 1 mixture of powdered milk, sucrose and dried egg) and water ad libitum. At different times post-injection, house flies were immobilized on ice and salivary glands were dissected into Tri-Reagent (Sigma) and either processed immediately or frozen at 270 uC.
RNA extraction from glands. Salivary glands (100 mg) were dissected from MdSGHV-infected house flies at 5 days post-infection (days p.i.). Gland preparations were homogenized in 1 ml aliquots of Tri-Reagent and processed to extract total RNA, according to the manufacturer's protocol. Ethanol-precipitated RNA pellets were suspended in 100 ml DEPC-treated water. Samples (5 mg) of the extracted total RNA were digested with 3 U RQ1 RNase-Free DNase (Promega). Enzymic activity was stopped by adding 2 ml 20 mM EGTA, pH 8.0 and incubation at 65 uC for 10 min. The presence of contaminating DNA was assessed using RT-PCR with the universal 28S primers (forward primer 59-GTTAAGCCCGATGAACCTGA-39, reverse primer 59-GACTCCTTGGTCCGTGTTTC-39). The reaction mix was divided into two 0.2 ml PCR tubes. To one tube, avian myeloblastosis virus (AMV) reverse transcriptase (2 U) was added and the second tube received water instead (negative control). The RT-PCR program was: 45 uC for 1 h, 70 uC for 15 min and 94 uC for 3 min, then 35 cycles of 94 uC for 1 min, 55 uC for 1 min and 72 uC for 2 min and an extension step at 72 uC for 7 min. Products were electrophoresed on agarose gels and stained with ethidium bromide to check for the 28S product to determine the presence or absence of DNA contamination in the RNA preparations.
3 §-RACE. cDNA preparations were synthesized from the mRNA of MdSGHV-infected house fly salivary glands using the oligo-dT-based primer (AP) from the 39-RACE System for Rapid Amplification of cDNA Ends (Invitrogen). For a 20 ml reaction, 5 mg DNase-treated infected gland RNA and 10 mM AP were heated to 70 uC for 10 min, incubated on ice, and centrifuged briefly. To this mixture was added 2 ml 106 PCR buffer [200 mM Tris/HCl (pH 8.4), 500 mM KCl], 2 ml 25 mM MgCl 2 , 1 ml 10 mM dNTP mix, and 2 ml 0.1 M DTT. Samples were incubated at 42 uC for 5 min, after which 1 ml (200 U ml 21 ) SuperScript II reverse transcriptase was added, and the reaction was again incubated at 42 uC for 55 min. The cDNA was amplified using the Abridged Universal Amplification Primer (AUAP) in combination with forward-ORF-specific primers designed for each of the 108 MdSGHV putative ORF sequences. The forward primers were designed to anneal approximately 400 bp upstream of the stop codon (see Supplementary Table S1 , available with the online version of this paper). PCR was performed in a total volume of 20 ml by mixing 13 ml ddH 2 O, 1.2 ml 25 mM MgCl 2 , 0.4 ml 10 mM dNTPs, 0.2 ml of the first strand cDNA synthesis reaction, 0.5 ml 10 mM AUAP, 0.5 ml 10 mM ORF-specific forward primer, 4 ml 56 GoTaq Flexi buffer, and 0.2 ml GoTaq Hot Start polymerase (5 U ml 21 ; Promega). A touchdown PCR program with the following settings was used: 94 uC for 5 min, and 35 cycles of 94 uC for 1 min, 60 uC for 1 min (decreasing by 0.5 uC every three cycles) and 72 uC for 2 min, followed by 72 uC for 7 min. The 39-RACE products from samples showing discrete bands on ethidium bromide-stained agarose gels were purified with the QIAquick PCR Purification kit (Qiagen) and subjected to Sanger sequencing with the forward primers.
5 §-RACE. 59-RACE reactions were conducted on selected ORFs that were identified by 39-RACE to be transcribed in tandem. First-strand cDNA synthesis was performed using DNase-treated RNA according to the manual of the SMART RACE cDNA amplification kit (Clontech). A series of reactions were conducted with Advantage 2 polymerase mix (Clontech) using the UPM primer (Clontech manual) in combination with an ORF-specific reverse primer (~300 bp downstream of the start codon, see Supplementary Table  S2 , available with the online version of this paper). A PCR program with the following settings was used: 94 uC for 3 min, and 30 cycles of 94 uC for 30 s, 68 uC for 30 s and 72 uC for 3 min, followed by 72 uC for 7 min. The PCR products were purified and sequenced using their respective gene-specific reverse primers.
RT-PCR. Reactions were conducted following the instruction manual of the Access RT-PCR kit (Promega). Each reaction was performed in 20 ml total volume with 12.2 ml DEPC-treated water, 0.4 ml 10 mM dNTPs, 4 ml AMV/Tfl 56 reaction buffer, 0.5 ml 10 mM of each forward and reverse gene-specific primer (see Supplementary Table  S3 , available with the online version of this paper), 1.2 ml 25 mM MgSO 4 , 0.4 ml Tfl DNA polymerase (5 U ml 21 ), 0.4 ml DNase-treated total RNA (~0.1 mg), and 0.4 ml AMV reverse transcriptase (5 U ml 21 ). The program used was: 45 uC for 1 h, 70 uC for 15 min and 94 uC for 3 min, then 35 cycles of 94 uC for 1 min, 60 uC for 1 min (decreasing by 0.5 uC every three cycles), and 72 uC for 2 min. This was followed by 72 uC for 7 min. Control reactions targeted the 28S gene of M. domestica and the viral ORF MdSGHV037. All products were sequenced with each of the gene-specific primers used for the RT-PCR amplifications.
Data analysis. The sequences obtained from the 39-RACE products were aligned against the MdSGHV genome sequence using the SeqMan program (DNASTAR, Lasergene). All 39-RACE sequences were trimmed after the first A of the poly(A) tail. Examination of sequencing chromatograms showed one or more possible terminations for most of the transcripts. A library of sequencing files of the trimmed 39-RACE sequences and each of the 108 putative ORF sequences described for MdSGHV (Garcia-Maruniak et al., 2008) was generated using the EditSeq program (DNASTAR, Lasergene), and sequences were aligned along with the complete MdSGHV genome sequence to detect the 39-UTR of each transcript. Each 39-RACE sequence was opened with Artemis v. 10 software (Rutherford et al., 2000) . Frames displaying transcripts of viral ORFs were compared with the DNA sequence of those same ORFs. If a particular ORF of the 39-RACE sequence matched the viral ORF sequence, that ORF was considered validated, and its sequence, including the 39-UTR, was added as a separate data file for further analysis. In few cases, the 39-RACE sequences showed possible alternative stop codons different from the ones in the putative ORFs. In these cases, the whole original ORF sequence, plus 200 bp upstream of the putative start codon, and the 39-RACE sequence were aligned and examined 
RESULTS AND DISCUSSION

Validation of MdSGHV ORFs
In order to identify transcripts and examine the expression of each of the ORFs in the MdSGHV genome, forward primers (~400 bp upstream of the putative stop codon) specific to each of the 108 predicted ORFs were synthesized. Each primer was used in combination with the AUAP primer, which binds to the adaptor-primer region introduced during first-strand cDNA synthesis, to amplify the 39-end of each ORF-specific cDNA. Ethidium bromide-stained gels containing different 39-RACE reactions produced a range of intense to undetectable bands. This variation may reflect either differences in the efficiency of the PCRs, or differences in the spatial and temporal viral transcription events. The absence of 39-RACE products suggests that the putative ORFs predicted by Garcia-Maruniak et al. (2008) were not expressed, were expressed at different times other than at 5 days p.i., or were degraded. The majority of the putative MdSGHV ORFs were validated by directly sequencing their respective 39-RACE products (see Supplementary Fig. S1 , available with the online version of this paper). However, examination of the chromatograms demonstrated that 31 39-RACE sequences (indicated in 
Analysis of the MdSGHV transcripts
corresponding genomic ORFs, therefore, they were considered to be validated ORFs. Of the 13 ORFs not detected by 39-RACE, six were validated by RT-PCR using internal gene-specific primers. Seven putative ORFs (MdSGHV006, 007, 009, 041, 059, 060 and 080) were not detected by 39-RACE or by RT-PCR (Fig. 1) . Six of the non-detected ORFs were relatively short ORFs and, among them, five were adjacent to regions containing direct repeats.
MdSGHV ORFs transcribed in tandem
A total of 34 putative ORFs were transcribed in tandem. The 39-RACE sequences of the respective upstream and downstream ORFs showed that both transcripts coterminated at the same 39-end. Fourteen transcripts contained two adjacent ORFs and two transcripts contained three adjacent ORFs (Fig. 2) . Sequence analysis of selected 59-RACE products (see Supplementary Fig. S2 , available with the online version of this paper) of the upstream and/or downstream ORFs transcribed in tandem (MdSGHV004, MdSGHV024 + MdSGHV025 + MdSGHV026, MdSGHV032, MdSGHV054, MdSGHV055 + MdSGHV056, MdSGHV058, MdSGHV070 + MdS-GHV071, MdSGHV076, MdSGHV084 + MdSGHV085, MdSGHV088 + MdSGHV089, MdSGHV091, MdSG-HV100, and MdSGHV102) showed that the downstream ORFs (underlined) were transcribed both individually and in tandem with their respective upstream ORFs. Notably, in the majority of the tandem transcripts, the upstream ORFs (except for MdSGHV084) were not detected as single transcripts. The 59-UTRs were identified as the sequence between the start codon and the SMART II A oligonucleotide anchor (Clontech). Upstream of this 59-anchor region were sequences identical to the upstream ORFs of the tandem transcripts. The 59-UTRs ranged from three to 205 bases ( Supplementary Fig. S2 ). Previously, adjacent genes transcribed in tandem have been detected in several insect baculoviruses (Friesen & Miller, 1985; Gross & Rohrmann, 1993; Passarelli & Guarino, 2007) . In these reported cases, the downstream ORFs are transcribed either individually or in tandem with their upstream ORFs, whereas the upstream ORFs are only transcribed in tandem. However, the downstream ORFs are translated only from the individual transcripts and not from the tandem transcript. Kaposi's sarcoma-associated herpesvirus (KSHV) also transcribes the downstream ORFs 57 and 58 individually and in tandem (Graham, 2008; Majerciak et al., 2006; Schwartz, 2008; Taniguchi & Yasumoto, 1990; Zheng & Baker, 2006) . However, in KSHV, the downstream ORFs of the tandem transcript are translated using mechanisms such as alternative transcriptional start sites, alternative splicing, and internal ribosome entry sites (IRES) (Bieleski 
Examination of MdSGHV084 and MdSGHV085 transcripts
Analysis of the 39-RACE products of MdSGHV084 detected the presence of two transcripts with different lengths (Fig. 3a) . In this case, both the single upstream MdSGHV084 and the tandem MdSGHV084-085 transcript variants were polyadenylated, indicating that the polyadenylation signal of MdSGHV084 was read-through when the MdSGHV084-085 was transcribed (Fig. 3b) . Sequencing the 59-RACE products showed that the downstream MdSGHV085 was also transcribed as a single transcript. Hence, MdSGHV084 and MdSGHV085 were transcribed both individually and together, in tandem. Consequently, the presence of single MdSGHV084 and tandem MdSGHV084-085 transcripts was examined in DNase-treated RNA extracted from infected salivary glands dissected at 1 and 2 days p.i. using multiplex RT-PCR and RT-PCR ( Fig. 3c and d) . RT-PCR detected MdSGHV084-085 at 2 days p.i., but not at 1 day p.i., while both MdSGHV084 and MdSGHV085 were detected at 1 and 2 days p.i. (Fig. 3c and d) . Detailed sequence analysis of the 39-UTR of both MdSGHV084 and MdSGHV084-085 transcripts revealed that they had different polyadenylation signals (PS) (Fig. 3e) . The single MdSGHV084 transcript contained a rare mammalian PS (AAUAUA), while the tandem MdSGHV084-085 transcript had the canonical PS (AAUAAA). A second PS (ATTAAA), detected less frequently in mammalian cells, was found downstream of the expected MdSGHV084 cleavage site (CS). Similarly, a downstream element (DSE) motif TTTTTGTTT followed by an ATTTA motif, reported to increase mRNA degradation (Norris et al., 1995) , was predicted from the MdSGHV genome sequence, but not from the 39-UTR sequence, downstream from the detected CS of MdSGHV084-085 (Fig. 3e) . Unlike KSHV, which only transcribes the downstream ORFs of tandem pairs with adjacent ORFs (Majerciak et al., 2006) , our analysis demonstrated that both MdSGHV084 and MdSGHV085 were transcribed individually in salivary glands of infected houseflies at 1 and 2 days p.i. The tandem transcript, MdSGHV084-085, was faint at 1 day p.i., but was easily detected at 2 days p.i. These observations suggest temporal expression of the MdSGHV084-085 in the infected flies.
§-UTR splicing of ORF 45
Comparison of the MdSGHV045 39-RACE sequence with the genomic MdSGHV045 sequence revealed that the initial 335 nt matched perfectly the last 322 bases of the genomic MdSGHV045, plus an additional 13 bases downstream of the stop codon. However, the following 262 bases of the MdSGHV045 39-RACE product aligned perfectly with the beginning of MdSGHV043, an ORF located 847 bases downstream of MdSGHV045 (Fig. 4) . The sequence obtained from the MdSGHV045 39-RACE product indicated that the majority of MdSGHV044 had been spliced out from the MdSGHV045 mRNA, and that the splicing occurred in the 39-UTR (Fig. 4) . Sequence analysis of the spliced ends revealed the presence of the dinucleotides GU at the 59 and AG at the 39 splice sites, which were homologous to the consensus splice sites (Mount, 1982) . However, the region flanking these specific sites differed by 1 and 2 nt at the 59 and 39 splice sites, respectively (Fig. 4) .
In general, most of the splicing events found in dsDNA viruses are located in exon/intron borders or at 59 ends (Berget et al., 1977; Chisholm & Henner, 1988; Nasseri et al., 1982; Rixon & Clements, 1982) . Although some of the reported viral 39-UTRs possess a sequence homologous to the 59 splice sites, none of these viral transcripts show deletions in their 39-UTRs (Barksdale & Baker, 1995; Furth & Baker, 1991; Furth et al., 1994) . In adenoviruses, known to undergo intensive splicing, the numbers and types of spliced mRNAs vary with the time of infection (reviewed by Akusjarvi, 2008) . We have found that unspliced mRNA of MdSGHV045, which terminates in the middle of MdSGHV044, was also produced (data not shown). This result indicates that this splicing event may be selectively produced based on temporal or spatial conditions during MdSGHV infection.
Heterogeneity of cleavage sites (CS) and polyadenylation signals (PS)
MdSGHV transcripts showed multiple types of heterogeneity in their CSs and PSs. Approximately 40 % of the analysed MdSGHV transcripts (31 out of 77) showed CS heterogeneity. Twenty-six and four 39-RACE products displayed variants that used two and three CSs, respectively. Only the 39-RACE product of MdSGHV108 presented four potential variants (CSs, Table 1 ). Sixty-four MdSGHV transcripts had a 39-UTR shorter than 100 bases, and three had a 39-UTR longer than 400 bases. Eighteen transcripts, possessing relatively short 39-UTRs, had stop codons located within their PS. Seven transcripts, also having short 39-UTRs, had their stop codons downstream of the PS. Fifty-three transcripts had multiple PSs and 24 transcripts had a single PS. Of the 39-UTRs analysed, 66 had a canonical PS (AAUAAA) ( Table 1 ). The canonical PS (AAUAAA) was found 76 times in the 39-UTRs of 66 transcripts. Less frequent and rare PSs were detected, including: AUUAAA (11 times), AAUAUA (11), AAUACA (10), AAGAAA (11), UAUAAA (8), AAUGAA (6), AGUAAA (4), CAUAAA (4), GAUAAA (4), ACUAAA (3), AAUAGA (3), and AUGAAA (1) on a total of 51 transcripts. More details about MdSGHV 39-UTRs can be found in Table 1 and Supplementary Fig. S1 .
We found it difficult to compare the MdSGHV PS/CS sequences with those of other viruses, since most of the published viral transcripts have the canonical PS (AAUAAA). However, some viral transcripts are known to use other PS variants such as AGUAAA, UAUAAA and CAUAAA (Andrews & Dimaio, 1993; Hilger et al., 1991; Klemenz et al., 1981; Nasseri et al., 1987; Silver Key & Pagano, 1997; Simonsen & Levinson, 1983) . Most of the available data on PS/CS heterogeneity come from human and mammalian systems (Proudfoot, 1991; Zhao et al., 1999) . Interestingly, at least half of the human genes, based on analyses of EST libraries, have multiple PSs and show variant PSs (Beaudoing et al., 2000; Iseli et al., 2002) . Unlike the human 39-UTRs that may extend for kilobases, most of the MdSGHV 39-UTRs were short.
Sense-antisense gene pairs
Sets of transcript pairs, distributed throughout the MdSGHV genome, were found to overlap either in a unidirectional, convergent, or divergent pattern. The most common pattern was the convergent one (39-39 overlap), followed by unidirectional, and then the divergent (59-59 overlap) pattern (Table 2 ). Nineteen convergent pairs overlapped mainly in their 39-UTR and ranged from two to 478 bases in length. Eleven transcript pairs were aligned in the unidirectional pattern and overlapped by 1-264 bases.
The divergent pattern, detected in four transcript pairs, had 52, 71, 105, and 147 bases of overlapping ORF sequences.
The presence of overlapping ORFs in the MdSGHV genome may in part reflect the close proximity of the putative ORFs (Garcia-Maruniak et al., 2008) . Historically, gene overlap, or 'overprinting', was thought to be a mechanism for maximizing the coding information within genomes of limited size (Fukuda et al., 2003; Lamb & Horvath, 1991) . In the MdSGHV genome, the most frequent pattern was 39-39 overlap of adjacent genes, a feature common to eukaryotes (Lehner et al., 2002; Shendure & Church, 2002; Veeramachaneni et al., 2004) . This bias may be due to either the lack of intensive 59-UTR sequence information or a preference for 39-39 overlapping sense-antisense pairs. Sun et al. (2005) , in their comparative analysis of mouse and human cis-encoded natural antisense transcripts (NATs), reported that 39-39 senseantisense pairs were both more frequently detected and more highly conserved than 59-59 pairs. The presence of both divergent and convergent gene pairs in MdSGHV suggests the potential involvement of cis-NATs in gene expression. In other systems, the production of cis-NATs has been postulated to regulate gene expression via (i) transcriptional interference or RNA polymerase collision (Shearwin et al., 2005) , (ii) RNA masking (Lavorgna et al., 2005) , and (iii) dsRNA-dependent mechanisms resulting in RNA interference (Carlile et al., 2008) . It should be pointed out that 9 out of 23 of the 39-39 and 59-59 overlapped regions in MdSGHV extended more than 100 bases. In addition to the cis-NATs identified in this study, several pre-miRNA sequences have been predicted in the MdSGHV genome (Garcia-Maruniak et al., 2009) . Potentially, both the cis and trans antisense transcripts could influence both host and/or viral gene regulation via RNA interference, methylation, RNA masking, alternative splicing, genomic imprinting, X-inactivation, RNA editing, and/or gene silencing (Carlile et al., 2008; Hastings et al., 1997 Hastings et al., , 2000 Kumar & Carmichael, 1998; Lavorgna et al., 2004; Munroe & Lazar, 1991; Vanhée-Brossollet & Vaquero, 1998) .
In summary, direct and large-scale sequencing of MdSGHV 39-RACE and RT-PCR products validated 101 of the 108 MdSGHV ORFs and provided insight into the complexity of transcription termination in this virus. In addition to identifying 78 poly(A) transcripts, we found that 16 of these transcripts contained multiple putative ORFs in tandem and detected a total of 23 pairs of cis-NATs. Furthermore, one transcript (MdSGHV045) showed splicing in the 39-UTR. Sequencing of 39-RACE products detected transcripts that possessed variant 39-UTRs and many transcripts contained heterogeneity in their respective polyadenylation signals and cleavage sites. Finally, our approach of sequencing the 39-RACE products directly without cloning demonstrated that this method is a useful approach for detection of 39-UTRs and transcript variants of large-genome dsDNA viruses.
